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The ascidian embryonic mesenchyme, comprising about 900 cells, forms mesodermal tissues or organs of the adult body after
metamorphosis. The mesenchyme originates from the A7.6 [trunk lateral cells (TLCs)], B7.7, and B8.5 blastomeres of the 110-cell stage
embryo. Previous studies showed that FGF9/16/20 is required for specification of the mesenchyme in Ciona embryos and that two different
(A7.6 and B8.5/B7.7) but partially overlapping molecular mechanisms are associated with the expression of a basic helix-loop-helix (bHLH)
transcription factor gene, Twist-like1, in the mesenchymal precursors, which triggers the differentiation process of mesenchyme cells. In the
present study, we examined whether the three embryonic lineages express the same mesenchyme-specific structural genes under the control
of a common mechanism or whether the three lineages are characterized by the expression of genes specific to each of the lineages. We
characterized nine mesenchyme-specific genes in Ciona embryos and found that five were expressed in A7.6/B8.5/B7.7, two in B8.5/B7.7,
and two in B7.7 only. FGF9/16/20 and Twist-like1 were required for the expression of all the mesenchyme-specific genes, except for three
A7.6/B8.5/B7.7-specific genes in A7.6 progenitors. Overexpression of FGF9/16/20 or Twist-like1 upregulated the expression of A7.6/B8.5/
B7.7- and B8.5/B7.7-specific genes, while it downregulated the expression of B7.7-specific genes. These results provide evidence that the
differentiation of each of the three mesenchyme lineages of Ciona embryos is characterized by the expression of a specific set of genes,
whose expression is controlled differentially.
D 2004 Elsevier Inc. All rights reserved.
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Ascidians belong to the subphylum Urochordata which is
one of the three chordate groups. In most ascidian species,
fertilized eggs develop rather quickly into tadpole-type
larvae, which consist of about 2600 cells that form several
distinct types of tissues (Satoh, 1994). The tadpole is
organized into a trunk and tail. The trunk contains a dorsal
central nervous system with two sensory organs (otolith and
ocellus), endoderm, mesenchyme, trunk ventral cells
(TVCs), and trunk lateral cells (TLCs). The tail contains
the notochord flanked dorsally by the nerve cord (non-0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2004.07.007
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Three mesenchymal lineages in Ciona embryos.neuronal ependymal cells), ventrally by the endodermal
strand, and bilaterally by three rows of muscle cells. The
entire surface of the larva is covered by an epidermis. This
configuration of the ascidian tadpole is thought to represent
one of the most simplified and primitive chordate body
plans (for recent reviews, see Corbo et al., 2001; Satoh,
2001, 2003).
The ascidian embryonic mesenchyme cells consist of
about 900 cells that form mesodermal organs or tissues of
the adult body after metamorphosis. They are derived from
A7.6, B8.5, B7.7, and B7.5 blastomere pairs of the 110-cell
stage embryo. Previously, bmesenchymeQ was defined as the
B8.5 and B7.7-line cells. A7.6-line mesenchymal cells are
called TLCs, and B7.5-line mesenchymal cells TVCs. Cell
lineage studies of Halocynthia roretzi have demonstrated
that the B8.5 and B7.7 lines contribute mainly to tunic cells274 (2004) 211–224
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(coelomic cells), longitudinal mantle muscle, oral siphon
muscle, and ciliary epithelium of the first and second gill-
slits of the juvenile (Hirano and Nishida, 1997). On the
other hand, TVCs have the potential to give rise to
latitudinal mantle muscle, oral siphon muscle, heart, and
pericardium of the juvenile, indicating that TVCs are muscle
progenitors (Hirano and Nishida, 1997). Gene expression
profiles of Ciona tailbud embryos and larvae showed that
many genes are expressed in both TLCs (A7.6) and B8.5/
B7.7-line mesenchymal cells, while no genes are expressed
commonly in both TVCs and A7.6/B8.5/B7.7-line mesen-
chymal cells at the tailbud stage (Kusakabe et al., 2002;
Satou et al., 2001a). In contrast, several genes are expressed
in both TVCs and larval muscle cells. In addition, Imai et al.
(2003) indicated that the differentiation of both TLCs and
B8.5/B7.7-line mesenchymal cells requires Twist-like1
function in Ciona savignyi embryos. Therefore, recent
studies have investigated cellular and molecular mecha-
nisms involved in the specification, proliferation, and
subsequent differentiation of TVCs irrespective of the other
embryonic mesenchyme cells (Satou et al., 2004). Here, we
consider the A7.6, B8.5, and B7.7 lines to represent
bmesenchyme,Q and TVCs were not included in the present
study.
The genetic cascades leading to the specification of
A7.6-line mesenchyme and B8.5/B7.7-line mesenchyme
have been investigated in Ciona embryos, and FGF9/16/20,
which represents an ancestral form of vertebrate FGF9,
FGF16, and FGF20, has been shown to be a natural inducer
for mesenchyme (Imai et al., 2002). The FGF9/16/20 gene
is expressed under the control of maternally supplied h-
catenin, which is essential for the specification of endoderm,
and the functional suppression of Cs-FGF9/16/20 results in
failure of the differentiation of mesenchyme cells. Imai et al.
(2003) found that a basic helix-loop-helix (bHLH) tran-
scription factor gene, Cs-Twist-like1, which is expressed
specifically in A7.6-, B8.5-, and B7.7-line mesenchymal
cells, is downstream of the FGF induction and plays an
essential role in mesenchyme differentiation. However, the
upstream cascade leading to Cs-Twist-like1 expression
differs between the A7.6 and B8.5/B7.7 lines. In the
A7.6-line, FGF9/16/20, FoxD and another novel bHLH
factor gene, NoTrlc (no trunk lateral cells), are required for
Cs-Twist-like1 to be expressed. On the other hand, in the
B8.5/B7.7-line, FGF9/16/20, but not FoxD and/or NoTrlc,
is essential for the expression of Cs-Twist-like1. These
results suggest that the properties of embryonic mesen-
chyme cells are not uniform among A7.6 and B8.5/B7.7
lines, and the genes responsible for their differentiation may
be different, although they are partially overlapping.
One of the key questions for further understanding of the
genetic cascade underlying mesenchyme cell differentiation
in Ciona embryos is whether each of A7.6-, B8.5-, and
B7.7-line mesenchyme expresses a unique set of genes and
accordingly whether each of these types of mesenchyme hasdifferent properties from the others. In a previous study
(Imai et al., 2003), a bHLH gene, Cs-Mist, a homeobox
gene, Cs-Hex, and a mesenchyme-specific gene, Cs-Mech1,
were examined as Cs-Twist-like1 downstream genes. A7.6-
line expresses Cs-Hex and Cs-Mech1, B8.5-line expresses
Cs-Hex and Cs-Mech1, and B7.7-line expresses Cs-Hex,
Cs-Mech1 and Cs-Mist, suggesting a difference between
A7.6/B8.5 and B7.7-line mesenchymes. Recently, a large
quantity of EST (expressed sequence tag) data have been
accumulated in Ciona intestinalis (Satou et al., 2001a,
2003a). In addition, thousands of gene expression profiles
have been described (Fujiwara et al., 2002; Kusakabe et al.,
2002; Nishikata et al., 2001; Ogasawara et al., 2002; Satou
et al., 2001a). Examination of those profiles revealed to us
that several genes are expressed specifically or predom-
inantly in embryonic mesenchyme cells. In the present
study, we carefully characterized cDNA clones for these
genes to determine whether A7.6, B8.5, and B7.7 have
unique gene expression properties. We found that nine
genes were expressed specifically in embryonic mesen-
chyme cells. Of them, five genes were expressed in all of
A7.6-, B8.5-, and B7.7-line mesenchyme, while another
four were expressed only in B-line, two in B8.5/B7.7-line,
and two in B7.7-line mesenchyme. In addition, we show
that the upstream cascade leading to the expression of these
genes differs depending on the three subtypes of mesen-
chyme cells.Materials and methods
Ascidian embryos
Adults of C. intestinalis were cultivated at the Maizuru
Fisheries Research Station of Kyoto University, Maizuru,
Japan. Eggs and sperm were obtained surgically from the
gonoduct. After insemination, embryos were reared at about
188C in Millipore-filtered seawater (MFSW) containing 50
Ag/ml streptomycin sulfate.
Isolation and characterization of cDNA clones for
embryonic mesenchyme-specific genes
In the present study, we characterized cDNAs for nine C.
intestinalis genes specific to embryonic mesenchyme cells
(Table 1). cDNAs for the nine genes as well as those for Ci-
Twist-like1a (clone ID: cicl090f05) and Ci-Twist-like1b
(clone ID: cign063j12) were obtained from the C. intesti-
nalis Gene Collection Release 1 (Satou et al., 2002). All
cDNA clones contained the entire protein-coding region.
Nucleotide sequences were determined for both strands
using a Big-Dye Terminator Cycle Sequencing Ready
Reaction kit and an ABI PRISM 377 DNA sequencer
(Perkin Elmer). A homology search was performed with
full-length sequences using the NCBI BLAST network
service.
Table 1
Mesenchyme-specific genes of Ciona intestinalis identified in the present study
Gene name Clone ID Cluster ID Length of
cDNA (bp)
Number of
amino acids in
encoded protein
Accession
number
Genes expressed in A7.6/B8.5/B7.7 mesenchyme cells
Ci-AKR1a (Ci-aldo-keto reductase1a) ciad005j06 00141 1914 585 AB178231
Ci-Tram1/2 (Ci-translocating chai-associating membrane protein 1/2) ciad002o03 00149 2066 376 AB178232
Ci-PSL3 (Ci-presenilin-like protein 3) cicl001g08 00432 1705 373 AB178233
Ci-Mech2 (Ci-mesenchyme specific gene 2) cicl004m09 01433 1489 334 AB178234
Ci-CLIP-like (Ci-cartilage intermediate layer protein-like) cijv035d08 07945 2801 764 AB178235
Genes expressed in B8.5/B7.7 mesenchyme cells
Ci-PER-like (Ci-peroxiredoxin-like) cieg004e15 00138 682 198 AB178236
Ci-Mina53-like (Ci-myc-induced nuclear antigen with a molecular
mass of 53 kDa-like 1)
citb003d11 00142 1784 446 AB178237
Genes expressed in B7.7 mesenchyme cells
Ci-Mech3 (Ci-mesenchyme specific gene 3) cilv022l01 03384 580 94 AB178238
Ci-WBSCR27-like (Ci-Williams-Beuren syndrome chromosome
region 27-like)
cilv033d11 10588 1147 238 AB178239
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To determine the distribution of the mRNAs in Ciona
embryos, RNA probes were prepared using a DIG RNA-
labeling Kit (Roche). RNA probes for Ci-Twist-like1a and
Ci-Twist-like1b were synthesized from a PCR-amplified
template as described by Ogasawara et al. (2001) with
several modifications. A PCR-amplified template was
generated using M13-21 forward primer (5V-TGTAAAAC-
GACGGCCAGT-3V) and reverse primers spanning bp 596–
613 of Ci-Twist-like1a (5V-GTATTGTGACGTCACATA-3V)
and bp 545-562 of Ci-Twist-like1b (5V-GTGTTGTGACGT-
CACATA-3V). RNA probes for the other genes were
synthesized, and whole-mount in situ hybridization was
performed as described by Satou and Satoh (1997). Sense
probes gave no staining in any experiment (data not
shown).
Morpholino antisense oligonucleotides and synthetic
capped mRNAs
In gene knockdown experiments, we used 25-mer
morpholino antisense oligonucleotides (hereafter referred
to as dmorpholinosT; Gene Tools, LLC) for Ci-FGF9/16/20
(5V-CATAGACATTTTCAGTATGGAAGGC-3V) and Ci-
Twist-like1a/b (5V-ACGTCATCGTGTGTTGATTGATTTG-
3V). For overexpression experiments, synthesized capped
mRNAs for Ci-FGF9/16/20 and Ci-Twist-like1a/b were
prepared as described previously (Imai et al., 2003). In the
present study, we also used a morpholino against lacZ as a
control for morpholino studies and a synthetic lacZ mRNA
as a control for mRNA overexpression studies. After
insemination, fertilized eggs were dechorionated and micro-
injected with 15 fmol of morpholinos or 9 pg of synthetic
capped mRNAs in 30 pl of solution using a micro-
manipulator (Narishige Scientific Instrument Laboratory,Tokyo), as described (Imai et al., 2000). The concentration
of morpholinos was chosen based on the results of previous
reports (Imai et al., 2002; Satou et al., 2001b). Injected eggs
were reared at approximately 188C in MFSW containing 50
Ag/ml streptomycin sulfate. Cleavage of some embryos was
arrested at the 110-cell stage with 2.5 Ag/ml cytochalasin B,
and the arrested embryos were further cultured until the
control embryos reached the early tailbud stage (10 h after
fertilization).
Detection of differentiation markers
The following cell-specific markers were monitored by
whole-mount in situ hybridization to assess the differ-
entiation of embryonic cells: Ci-MA3, a larval muscle-
specific actin gene (Chiba et al., 2003); Ci-Epi1, an
epidermis-specific gene; Ci-Brachyury (Ci-Bra), a noto-
chord-specific gene (Corbo et al., 1997); and Ci-ETR-1, a
pan-neural marker gene (Hudson et al., 2003). The
differentiation of endoderm cells in experimental embryos
was monitored by the histochemical detection of alkaline
phosphatase as previously described (Whittaker and
Meedel, 1989).
Quantitative RT-PCR
Real-time RT-PCR was performed using SYBR Green
PCR Master Mix and an ABI prism 7000 (Applied
Biosystem) as described by Imai et al. (2003). Relative
expression values were calculated by dividing the amount
of transcripts in the experimental embryos by that in
uninjected control embryos. Control samples lacking
reverse transcriptase in the cDNA synthesis reaction
failed to give specific products in all cases. Dissociation
curves were used to confirm that single specific PCR
products were amplified. The primers used in the present
M. Tokuoka et al. / Developmental Biology 274 (2004) 211–224214study were as follows: Ci-PER-like, 5V-CTTTACCGGCG-
GACATGATT-3Vand 5V-TGTTCCAGGCTCGCCATATT-
3V; Ci-AKR1a , 5V-ATTGTCTCCTTCAGCGGTCGT-3Vand 5V-TGTGGTTATTTGCCTGGTCG-3V; Ci-Mina53-
like1, 5V-CTGGTGCCAATGTCCTTTAGG-3V and 5V-
ACCGTGGTATTACGCGAATGT-3V; Ci-Tram1/2, 5V-AC-
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CTCAAGGCTTCTT-3V; Ci-PSL3, 5V-GCAGCAGAAGGQ
GCAATGAAA-3V and 5V-GCAATGTTGGGTTTGG-
GAGA-3V; Ci-Mech2 , 5V-AATACCCTTGCTCTCC-
CATGC-3V and 5V-AGCCCGTCCAGTACAAAAGCT-3V;
Ci-Mech3, 5V-TTCGATGGCTTCGGCTTCT-3V and 5V-
ACAAGCCAAGCCGAGATGTT-3V; Ci-CLIP-like , 5V-
TTCCACGACCGTTTGATCTGT-3V and 5V-AAGTG-
CAGTGGAGTTTCGCTG-3V; Ci-WBSCR27-like , 5V-
AGGAGCGGTGTACGTCACAAT-3V and 5V-TTTAA-
TGGGCGTGGTGTCAA-3V; and Ci-EF-1a, 5V-TCCTG-
AAGTGGAAGTCGGAGTG-3V and 5V-GTTGGAAGAATQ
CCGCCAACA-3V.Results
Characterization of cDNA clones for nine
mesenchyme-specific genes in C. intestinalis embryos
In accordance with the results of a previous study (Satou
et al., 2001a), we found that nine genes are specifically
expressed in mesenchyme cells. We chose a cDNA clone
with the longest insert for each gene and determined its
nucleotide sequences. All of the cDNA clones contained the
entire protein coding sequence. We examined orthologies of
the Ciona mesenchyme-specific proteins by using the blast
program in addition to the ordinary phylogenetic method
described by Satou et al. (2003b). The results are
summarized in Table 1. For example, the cDNA clone for
cluster ID 00141 was 1914 bp in length and encoded a
polypeptide of 585 amino acid residues. A molecular
phylogenetic analysis indicated that this gene is an
orthologue of aldo-keto reductase1a, and therefore this
gene was named as Ci-aldo-keto reductase1a (Ci-AKR1a).
The cDNA clones for cluster IDs 01433 and 03384 did not
contain any consensus motif nor show any similarity to
known proteins. We tentatively named 01433 and 03384
bCi-Mech2Q and bCi-Mech3,Q respectively.
Expression profiles of the nine mesenchyme-specific genes
Because our previous study was not able to discriminate
each of the mesenchymal lineages (Satou et al., 2001a), in
the present study, we first examined whether these nine
genes are expressed in all mesenchyme cells or only in a
subset of mesenchyme cells. Whole-mount in situ hybrid-
ization showed that the nine genes are specifically expressed
in mesenchyme cells (Fig. 1). No maternal expression wasFig. 1. Expression profiles of mesenchyme-specific genes in Ciona intestinalis e
pattern of A7.6/B8.5/B7.7-specific genes. The late gastrula-stage embryos are show
initial tailbud stage embryos are shown in a dorsal view; anterior is left. The earl
Expression patterns of B8.5/B7.7-specific genes and (H, I) B7.7-specific genes. (A
arrested during the period from the 110-cell stage (5 h after fertilization) to the early
at the early gastrula stage (6.5 h after fertilization) was used. Black arrowheads ind
Scale bar, 50 Am.detected for any of the nine genes (data not shown). The
expression domains of five of the genes, Ci-AKR1a, Ci-
Tram1/2, Ci-PSL3, Ci-Mech2, and Ci-CLIP-like, were
relatively broad (Figs. 1A–E), while the expression domains
of the other four genes, Ci-PER-like, Ci-Mina53-like1, Ci-
Mech3, and Ci-WBSCR27-like, were relatively narrow
(Figs. 1F–I). This suggests that the former genes are
expressed in all A7.6-, B8.5-, and B7.7-derived mesen-
chyme cells, whereas the latter are expressed in a subset of
the mesenchyme cells.
To test this notion, we took advantage of embryos
whose cleavage was arrested at the 110-cell stage with
cytochalasin B. At this stage, A7.6, B7.7, and B8.5 are
distinguishable because each of them occupies its character-
istic position within the embryo. Even if cleavage is
arrested, they retain their relative positions and eventually
express appropriate differentiation markers (Whittaker,
1973), and thus we can identify which of the three
mesenchymal lines expresses which genes. As a result,
we found that five genes, Ci-AKR1a, Ci-Tram1/2, Ci-
PSL3, Ci-Mech2, and Ci-CLIP-like, were expressed in all
three lines (Figs. 1AV–EV), and hereafter, we designate them
bA7.6/B7.7/B8.5-specificQ genes. On the other hand, Ci-
PER-like (Fig. 1FV) and Ci-Mina53-like1 (Fig. 1GV) were
expressed in B8.5/B7.7-line mesenchyme but not in A7.6-
line mesenchyme and are therefore bB8.5/B7.7-specific.Q
Ci-WBSCR27-like was expressed only in B7.7-line mesen-
chyme, and therefore we designate it bB7.7-specificQ (Fig.
1HV). No in situ signal of Ci-Mech3 was detected in
embryos cleavage-arrested at the 110-cell stage (data not
shown). However, using embryos cleavage-arrested at the
early gastrula stage, at which B7.7 blastomeres had divided
into B8.13 and B8.14, we noticed that Ci-Mech3 expres-
sion was evident in a pair of the cells (Fig. 1IV), indicating
that the expression of Ci-Mech3 is limited to a pair of B7.7
daughter cells.
Control of mesenchyme-specific gene expression by FGF
signaling
In a previous study, Imai et al. (2002) showed that, in C.
savignyi embryos, Cs-FGF9/16/20 is essential for the
mesenchyme-specific gene expression. In that study, how-
ever, they observed the differentiation of mesenchyme cells
as a whole, without distinguishing A7.6, B8.5, and B7.7
lines. In a subsequent study of Imai et al. (2003), they
further characterized transcription factor genes downstream
of Cs-FGF9/16/20, namely, Cs-Twist-like1 and Cs-Twist-
like2, which are molecular phylogenetically closely relatedmbryos revealed by whole-mount in situ hybridization. (A–E) Expression
n in a vegetal pole view; anterior is up. The neurula-stage embryos and the
y tailbud-stage embryos are shown in a lateral view; anterior is left. (F, G)
V–HV) Expression patterns of the genes in embryos whose cell division was
tailbud stage (9 h after fertilization). (IV) For Ci-Mech3, an embryo arrested
icate A7.6 cells, white arrowheads B8.5 cells, and white arrows B7.7 cells.
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of Cs-Twist-like1. These genes were expressed specifically
in mesenchyme cells after the 110-cell stage, and Cs-Twist-
like1 plays an essential role in the differentiation of
mesenchyme cells. Cs-FGF9/16/20 is required for the
expression of Cs-Twist-like1 in B7.7- and B8.5-line
mesenchyme tissues, whereas Cs-FGF9/16/20, Cs-FoxD,
and another novel bHLH transcription factor gene called Cs-
NoTrlc are required for Cs-Twist-like1 to be expressed in
A7.6-line mesenchyme. Therefore, our previous studies
suggested the possibility that the three lineages of mesen-
chyme are differentiated by different but partially over-
lapping mechanisms.
Here, we examined the abovementioned possibility using
probes for the nine genes. We first examined the require-
ment of FGF signaling for the expression of various genes.
The expression profile of Ci-FGF9/16/20 was very similar
to that of Cs-FGF9/16/20 (Imai et al., 2002) as described in
Bertrand et al. (2003), suggesting that Ci-FGF9/16/20 has
the same function as Cs-FGF9/16/20. When morpholino
against Ci-FGF9/16/20 was injected into fertilized eggs, itFig. 2. Effects of functional suppression or overexpression of Ci-FGF9/16/20 on
two B8.5/B7.7-specific genes (F, G, FV, GV, FU, GU), and two B7.7-specific genes (H
early gastrula stage (I). (A–I) Uninjected control embryos. (AV–IV) Embryos develo
developed from eggs injected with Ci-FGF9/16/20 mRNA. The expression of Ci
arrowheads).was noted that the expression of the nine genes was affected
differently (Supplementary Fig. S1; Supplementary Table
1). Of the five A7.6/B8.5/B7.7-specific genes, Ci-AKR1a,
Ci-Tram1/2, and Ci-PSL3 were expressed weakly even if
Ci-FGF9/16/20 function was suppressed, but the expression
of Ci-Mech2 and Ci-CLIP-like was completely suppressed
(Fig. S1; Table S1). As a control, we injected a morpholino
against lacZ, which showed no effects on the expression of
nine mesenchyme-specific genes (Fig. S2).
To determine which mesenchyme lines expressed the
gene, we again used cleavage-arrested embryos. In embryos
arrested at the 110-cell stage, the expression of Ci-AKR1a,
Ci-Tram1/2, and Ci-PSL3 was observed in A7.6-line
mesenchyme, but not in B8.5/B7.7-line mesenchyme (Figs.
2AV–CV; Table S1), although the expression in A7.6-line
mesenchyme appeared to be weaker than that in normal
control embryos. On the other hand, the expression of Ci-
Mech2 and Ci-CLIP-like was lost in all three lines (Figs.
2D’, E’; Table S1). This result suggests that, as to A7.6-line
mesenchyme, FGF9/16/20 is required for the expression of
five genes (Ci-AKR1a, Ci-Tram1/2, Ci-PSL3, Ci-Mech2,the expression of five A7.6/B8.5/B7.7-specific genes (A–E, AV–EV, AU–EU),
, I, HV, IV, HU, IU) in embryos cleavage-arrested at the 110-cell stage (A–H) or
ped from eggs injected with Ci-FGF9/16/20 morpholino. (AU–IU) Embryos
-AKR1a, Ci-Tram1/2 and Ci-PSL3 was evident in A7.6 blastomeres (white
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differentiation also involves other molecular mechanisms
than those controlled by FGF9/16/20.
The effects of overexpression of Ci-FGF9/16/20 were
also examined. As a control for mRNA overexpression
studies, we injected a synthesized lacZ mRNA, which
showed no effects on the expression of nine mesenchyme-
specific genes (Fig. S2). For the five A7.6/B8.5/B7.7-
specific genes, the embryonic regions expressing these
genes seemed to be expanded (Figs. 2AU–EU; Fig. S1; Table
S1). Although the morphology of embryos injected with Ci-
FGF9/16/20 mRNA was slightly disturbed, the genes
seemed to be expressed in most B-line, but not in A-line
blastomeres (Figs. 2AU–EU).
The expression of the two B8.5/B7.7-specific genes, Ci-
PER-like and Ci-Mina53-like1, was suppressed completely
in Ci-FGF9/16/20-morpholino-injected embryos (Figs. 2FV,
GV; Fig. S1; Table S1; Fig. S2 for controls), while the
expression of these genes was expanded in Ci-FGF9/16/20
overexpressing embryos (Figs. 2FU, GU; Fig. S1; Table S1;
Fig. S2 for controls), as in the case of A7.6/B8.5/B7.7-
specific genes. This suggests that Ci-FGF9/16/20 is
required for the expression of the two specific genes in
B8.5- and B7.7-line mesenchyme.
Similarly, the suppression of Ci-FGF9/16/20 resulted in
loss of the expression of the two B7.7-specific genes, Ci-
WBSCR27-like and Ci-Mech3 (Figs. 2HV, IV; Fig. S1; Table
S1; Fig. S2 for controls). However, the embryonic region
with the expression of the two B7.7-specific genes did not
expand in Ci-FGF9/16/20 mRNA-injected embryos (Figs.
2HU, IU; Fig. S1; Table S1; Fig. S2 for controls). Instead, the
expression of Ci-WBSCR27-like and Ci-Mech3 seemed to
decrease in these experimental embryos.
To confirm the effects of FGF9/16/20 overexpression on
the expression of the nine mesenchymal genes, the amounts
of their mRNAs were determined by real-time PCR in
embryos injected with Ci-FGF9/16/20 mRNA (Fig. 3A).
The amount of mRNAs for A7.6/B8.5/B7.7-specific genes
and B8.5/B7.7-specific genes increased in Ci-FGF9/16/20
mRNA-injected embryos. On the other hand, the amounts of
mRNAs for B7.7-specific genes decreased in the exper-
imental embryos. The amount of Ci-EF-1a mRNA, used as
a control, did not change (Fig. 3A). This suggests that
upregulation of Ci-FGF9/16/20 expression leads to ectopic
expression of the A7.6- and B8.5-specific genes but not
B7.7-specific genes.
The roles of Ci-Twist-like1a and Ci-Twist-like1b in the
differentiation of embryonic mesenchyme cells
In C. savignyi, differentiation of A7.6/B8.5/B7.7-line
mesenchyme requires Twist-like1 (Imai et al., 2003). C.
savignyi has one Twist-like1 gene, whereas C. intestinalis
has two Twist-like1 genes, Ci-Twist-like1a and Ci-Twist-
like1b, which appear to have duplicated after the diver-
gence of these two Ciona species (Satou et al., 2003b).Because the cDNA sequences of Ci-Twist-like1a and Ci-
Twist-like1b had not yet been determined, their sequences
were determined. The cDNA for Ci-Twist-like1a was 1222
bp in length and encoded a polypeptide of 293-amino acid
residues, while that for Ci-Twist-like1b was 983 bp in
length and encoded a polypeptide of 306-amino acid
residues. The amino acid sequences of the bHLH domain
of Ci-Twist-like1a and Ci-Twist-like1b were identical,
although the sequences of their C-terminal regions were
divergent (Fig. S3).
It has been described that Ci-Twist-like1a and Ci-Twist-
like1b are expressed predominantly in mesenchyme cells
(Imai et al., 2003). In the present study, the expression
profile of these genes was reexamined. The high level of
sequence similarity between Ci-Twist-like1a and Ci-Twist-
like1b makes it difficult to distinguish the specific expres-
sion of each gene. To overcome this problem, we used C-
terminal regions specific to each of Ci-Twist-like1a and Ci-
Twist-like1b as a template for preparing probes. In situ
hybridizations revealed that the expression patterns of both
genes were the same and also basically the same as that of
Cs-Twist-like1. Fig. 4 shows the expression pattern of Ci-
Twist-like1a. The only difference was that Ci-Twist-like1a
was expressed in both B8.5 and B7.7 of the 110-cell in C.
intestinalis embryos (Fig. 4C), while Cs-Twist-like1 was
expressed only in B7.7 of the 110-cell stage in C. savignyi
embryos. Thereafter, Ci-Twist-like1a was expressed in
A7.6-line mesenchyme by the early gastrula stage (Fig.
4D). The expression of Ci-Twist-like1a continued until the
neurula stage but was downregulated at the tailbud stage
(Figs. 4E–G). The expression pattern of Ci-Twist-like1b was
the same as that of Ci-Twist-like1a (data not shown),
suggesting that the two genes have a similar function to that
of Cs-Twist-like1.
In C. savignyi, Cs-Twist-like1 functions downstream of
Cs-FGF9/16/20. We examined whether the transcription of
Ci-Twist-like1a and Ci-Twist-like1b is also controlled by Ci-
FGF9/16/20. Expression of both Ci-Twist-like1a and Ci-
Twist-like1b was completely suppressed in embryos injected
with Ci-FGF9/16/20 morpholino [Ci-Twist-like1a ,
expressed in 0/20 examined (Fig. 4H), and Ci-Twist-like1b,
expressed in 0/19 examined (Fig. 4I)], indicating that
transcription of Ci-Twist-like1a and Ci-Twist-like1b is
directly or indirectly regulated by Ci-FGF9/16/20 in C.
intestinalis embryos, as in C. savignyi embryos.
Control of mesenchyme-specific gene expression by
Ci-Twist-like1a and Ci-Twist-like1b
To determine whetherCi-Twist-like1a andCi-Twist-like1b
are also required for differentiation of A7.6/B8.5/B7.7-line
mesenchyme in C. intestinalis embryos, we examined the
requirement of Ci-Twist-like1a/b for the expression of the
nine mesenchyme-specific genes. A morpholino was
designed to target a sequence containing the putative trans-
lation initiation codon. Because the sequences around the
Fig. 3. Quantification of the amounts of mRNAs of mesenchyme-specific genes in control embryos (white) and in experimental embryos developed from eggs
injected with the Ci-FGF9/16/20 mRNA (black in A), Ci-Twist-like1a mRNA (black in B) or Ci-Twist-like1b mRNA (black in C). Quantification was
performed with early tailbud-stage embryos by real-time RT-PCR. The relative amounts of mRNAs compared with those in control embryos are shown.
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identical, this morpholino is expected to suppress translation
of both Ci-Twist-like1a and Ci-Twist-like1b. Fertilized eggs
injected with Ci-Twist-like1a/b morpholino cleaved nor-
mally, but gastrulation and formation of tailbud embryos
were affected, and the resultant larvae were morphologically
abnormal (Figs. 5A, AV). This phenotype is different from that
observed in the previous study using C. savignyi, in which
injection of Cs-Twist-like1 morpholino did not affect larval
morphology (Imai et al., 2003). The differentiation of major
tissues was examined with molecular markers of differ-
entiation at the tailbud stage. Suppression of Ci-Twist-like1a/
b did not affect the expression of marker genes for the
epidermis (Ci-Epi1), nervous system (Ci-ETR1), or noto-
chord (Ci-Talin) (data not shown). This result was similar to
that obtained in C. savignyi.Fig. 4. Expression of Ci-Twist-like1a in early Ciona intestinalis embryo, revealed
cell stage embryo, (C) 110-cell stage embryo, (D) early gastrula-stage embryo, a
neurula-stage embryo, dorsal view; anterior is left. (G) An early tailbud-stage embr
the expression of (H) Ci-Twist-like1a and (I) Ci-Twist-like1b in a late gastrula-
arrowheads B8.5 mesenchyme cells, and black arrows B7.7 mesenchyme cells.In C. savignyi, the suppression of Cs-Twist-like function
resulted in the fate change of B7.7-line and B8.5-line to
muscle and endoderm, respectively (Imai et al., 2003). We
investigated this issue using C. intestinalis embryos
cleavage-arrested at the 110-cell stage. A marker gene for
muscle (Ci-MA3) was expressed normally (60/60; Figs. 5B,
BV). However, the histochemical staining of endoderm-
specific alkaline phosphatase showed that both B8.5 and
B7.7 changed their fate to endoderm (17/20; Figs. 5C, CV).
We could not determine what kind of cells A7.6 differ-
entiated into, because A7.6 cells could not be easily
discriminated in the 110-cell-stage arrested embryos.
As described above, all three of the A7.6, B8.5, and B7.7
lines require Ci-FGF9/16/20 for their differentiation, while
an additional mechanism may regulate the expression of
B7.7-specific genes. We therefore examined how the twoby whole-mount in situ hybridization. (A) A 32-cell stage embryo, (B) 64-
nd (E) late gastrula-stage embryo, vegetal pole view; anterior is up. (F) A
yo, lateral view. (H, I) Effect of functional suppression of Ci-FGF9/16/20 on
stage embryo. White arrowheads indicate A7.6 mesenchyme cells, black
Fig. 5. Suppression of Ci-Twist-like1a/b function using a specific morpholino, showing effects on (A, AV) larval morphology; and on the expression of (B, BV) a
muscle-specific gene, Ci-MA3; and (C, CV) the endoderm-specific histochemical activity of alkaline phosphatase. (A–C) Uninjected control embryos. (AV–CV)
Embryos developed from eggs injected with the Ci-Twist-like1a/b morpholino. (B, BV, C, CV) Embryos arrested at the 110-cell stage. White arrows in C and CV
indicate B8.5 and B7.7 blastomeres. Black arrows in C indicate pigmented cells that are not alkaline phosphatase-positive.
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Ci-Twist-like1a, and Ci-Twist-like1b regulate the nine
mesenchyme-specific genes. The expression of all of the
nine genes was completely suppressed in embryos injected
with Ci-Twist-like1a/b morpholino (Figs. 6AV–IV; Fig. S4;
Table S2). Therefore, Ci-Twist-like1a and Ci-Twist-like1bFig. 6. Effects of functional suppression or overexpression of Ci-Twist-like1a and C
E, AV–EV, AU–EU), two B8.5/B7.7-specific genes (F, G, FV, GV, FU, GU), and two B7.7
cell stage (A–H) and early gastrula stage (I). (A–I) Uninjected control embryos.
morpholino. (AU–IU) Embryos developed from eggs injected with Ci-Twist-like1aare essential for the expression of all of the nine genes in
A7.6, B8.5, and B7.7-line mesenchyme tissues.
The effects of overexpression of Ci-Twist-like1a and
Ci-Twist-like1b were also examined. Microinjection of
synthetic Ci-Twist-like1a mRNA resulted in the ectopic
expression of the five A7.6/B8.5/B7.7-specific genesi-Twist-like1b on the expression of five A7.6/B8.5/B7.7-specific genes (A–
-specific genes (H, I, HV, IV, HU, IU) in embryos cleavage-arrested at the 110-
(AV–IV) Embryos developed from eggs injected with the Ci-Twist-like1a/b
mRNA.
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specific genes (Figs. 6FU, GU; Fig. S4; Table 2). However,
the expression domain of the two B7.7-specific genes, Ci-
WBSCR27-like and Ci-Mech3, did not increase in embryos
injected with Ci-Twist-like1a mRNA, nor in embryos
injected with Ci-FGF9/16/20 mRNA (Figs. 6HU, IU; Fig.
S4; Table S2).
To confirm the above-described results, quantitative RT–
PCR was performed on embryos injected with synthetic Ci-
Twist-like1a mRNA (Fig. 3B). The amounts of the tran-
scripts of the five A7.6/B8.5/B7.7-specific genes and two
B8.5/B7.7-specific genes increased with overexpression of
Ci-Twist-like1a. In contrast, the amounts of the transcripts
of the two B7.7-specific genes decreased. We also inves-
tigated whether overexpression of Ci-Twist-like1b affected
the expression of the nine mesenchyme-specific genes. We
observed the same results as with Ci-Twist-like1a; that is,
the A7.6/B8.5/B7.7-specific genes and two B8.5/B7.7-
specific genes were expressed ectopically, while the
expression of the two B7.7-specific genes was reduced
(Fig. 3C). This suggests that excess amounts of Ci-Twist-
like1a and Ci-Twist-like1b impair the expression of the two
B7.7-specific genes. In addition, the similar effects of Ci-
Twist-like1a and Ci-Twist-like1b suggest that Ci-Twist-
like1a and Ci-Twist-like1b function redundantly in mesen-
chyme differentiation.Discussion
Embryonic mesenchyme cells of ascidians are a type of
bset-aside cellsQ for formation of mesodermal organs of the
adult body after metamorphosis (Peterson et al., 1997). They
originate from A7.6, B8.5, and B7.7 pairs in the 110-cell
embryo. As shown in Fig. 7A, the pair of A6.3 cells in the
32-cell stage embryo divides into A7.5 and A7.6 pairs to
form the 64-cell embryo. The A7.6 cells or TLCs remain in
the 110-cell embryo, and their sister A7.5 cells are
endoderm precursors. Cell lineage studies of Halocynthia
embryos and juveniles have demonstrated that A7.6 cells
give rise to blood cells (coelomic cells), longitudinal mantle
muscle, oral siphon muscle, and ciliary epithelium of the
first and second gill-slits of the juvenile (Hirano and
Nishida, 1997). B8.5 in the 110-cell embryo is a daughter
cell of B7.3 in the 64-cell embryo, its sister B8.6 being a
notochord precursor (Fig. 7A). B7.3 is a daughter of B6.2 in
the 32-cell embryo, its sister B7.4 being a muscle precursor
(Fig. 7A). B8.5 contributes mainly to tunic cells of the adult.
B7.7 originates from B6.4 of the 32-cell embryo; its sister
B7.8 is a muscle precursor (Fig. 7A). B7.7 gives rise to
tunic cells of the Halocynthia adult, although analysis of a
few specimens has shown that B7.7 also gives rise to blood
cells. We labeled A7.6, B8.5, and B7.7 with DiI to trace cell
lineages in C. intestinalis (Tokuoka et al., unpublished
data). A7.6 contributes to blood cells, oral siphon muscle,
epithelium of gill slit, and some tunic cells in Cionajuveniles. On the other hand, B7.7 and B8.5 give rise to
tunic cells and some blood cells. Therefore, in Ciona, A7.6-
and B8.5/B7.7-line mesenchyme cells have intrinsically
different potentials to construct adult organs during larval
development.
Common mechanism underlying the differentiation of three
lines of Ciona embryonic mesenchyme cells
Previous studies identified key players in the specifica-
tion, determination, and differentiation of Ciona embryonic
mesenchyme cells, including FGF9/16/20 and Twist-like1
(Imai et al., 2002, 2003). In the present study, we
characterized nine genes that are expressed in mesenchyme
cells of C. intestinalis embryos; five of them are expressed
in A7.6/B8.5/B7.7-line, two in B8.5/B7.7-line, and two
B7.7-line cells only (Fig. 1). The five gene, Ci-AKR1a, Ci-
Tram1/2, Ci-PSL3, Ci-Mech2, and Ci-CLIP-like are all
expressed in the A7.6, B8.5 and B7.7 lines, suggesting that
these three mesenchyme lines share some common features.
The A7.6/B8.5/B7.7-line gives rise to blood cells and tunic
cells in juveniles. It has been suggested that blood cells and
tunic cells share functions and locomotive activity (Hirose
and Mukai, 1992). Such common features are likely to
reflect the expression of the same genes. In addition, Ci-
PER-like and Ci-Mina53-like1 are expressed in B8.5- and
B7.7-line mesenchyme cells. This suggests that B8.5 and
B7.7 lines share some common features, as we demon-
strated by showing the existence of two B8.5/B7.7-specific
genes. In addition, Ci-WBSCR27-like and Ci-Mech3 are
expressed only in B7.7-line mesenchyme cells.
Moreover, functional suppression of FGF9/16/20 and
Twist-like1a/b resulted in failure of the expression of all of the
nine genes. This indicates that the main and common genetic
cascade for these nine mesenchyme-specific genes is the
FGF9/16/20-Twist-like1a/b cascade. In this context, it
should be verified in future studies that the transcription of
Twist-like1a/b is activated by the FGF9/16/20 signal trans-
duction pathway. FGF9/16/20 becomes transcriptionally
active in A6.1, A6.2, A6.3, A6.4, B6.1, and B6.2 in the 32-
cell stage Ciona embryo (Bertrand et al., 2003; Imai et al.,
2002), while Twist-like1a/b transcription begins in B7.7 at the
64-cell stage (Fig. 4). Future studies should also explore
whether Twist-like1a/b directly activates all of the nine genes.
Specific mechanisms underlying the differentiation of each
of the three lines of Ciona embryonic mesenchyme cells
The present study showed that five genes are commonly
expressed in A7.6/B8.5/B7.7 lines. In addition, Ci-PER-like
and Ci-Mina53-like1 are expressed in B8.5- and B7.7-line
mesenchyme cells, suggesting that the B8.5 and B7.7 lines
share some common features. On the other hand, Ci-
WBSCR27-like and Ci-Mech3 are expressed only in B7.7-
line mesenchyme cells. This indicates that, although both
B8.5 and B7.7 give rise to tunic cells and blood cells of
Fig. 7. A model for genetic cascades underlying the mesenchyme-specific gene expression in Ciona intestinalis embryos. (A) Fate specification of three lines of
mesenchyme cell. Mesenchyme-lineage cells are shown in green (A7.6-line mesenchyme), gray (B8.5-line mesenchyme), and red (B7.7-line mesenchyme).
Blastomeres connected with bars are sister blastomeres. (B–D) Outline of molecular cascades for the specification of (B) A7.6-line, (C) B8.5-line, and (D)
B7.7-line. See the text for details.
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properties. An outline of molecular cascades for the
specification of each of the Ciona embryonic mesenchyme
cells is summarized in Fig. 7 and discussed below.
A7.6-line mesenchyme (TLCs; Fig. 7B)
Here, we showed that the expression of five genes, Ci-
AKR1a, Ci-Tram1/2, Ci-PSL3, Ci-Mech2, and Ci-CLIP-like in the A7.6 line is controlled by a Twist-like1 cascade,
because suppression of Ci-Twist-like1a/b function resulted
in the loss of the expression of all five genes (Fig. 6). On
the other hand, when FGF9/16/20 was suppressed, Ci-
AKR1a, Ci-Tram1/2, and Ci-PSL3 were able to be
expressed in the A7.6 line, whereas the expression of Ci-
Mech2 and Ci-CLIP-like was completely lost. As dis-
cussed above, the main cascade is FGF9/16/20-Twist-
like1a/b, which directs the differentiation of A7.6-line
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suggested the involvement of several transcription factor
genes and/or cellular interactions in the specification and
subsequent differentiation of the A7.6-line mesenchyme
cells. Namely, FoxD, which is independent of FGF9/16/20
pathway, also directly or indirectly regulates the Twist-
like1 gene (Imai et al., 2003). In addition, another bHLH
transcription factor gene, NoTrlc, is essential for the A7.6-
line mesenchyme differentiation in C. savignyi embryos
(Imai et al., 2003). Furthermore, a study with Halocynthia
embryos suggested the possible requirement of an inter-
action with animal blastomeres for this line’s mesenchyme
differentiation (Kawaminani and Nishida, 1997). There-
fore, in addition to the FGF9/16/20-Twist-like1a/b cascade,
FoxD/NoTrlc/other-factor may also be involved in the
transcriptional activation of these five genes via Twist-
like1a/b activity in C. intestinalis (Fig. 7B, left). It is
possible that the transcriptional level of Twist-like1
activated by FoxD/NoTrlc/other-factor is not enough to
induce the expression of Ci-Mech2 and Ci-CLIP-like.
Therefore, Ci-Mech2 and Ci-CLIP-like cannot be
expressed when the function of FGF9/16/20 is suppressed
(Fig. 7B, right). In contrast, the expression of Ci-AKR1a,
Ci-Tram1/2, and Ci-PSL3 does not depend on the level of
transcriptional activity of Twist-like1, so these genes are
expressed even if only a low level of Twist-like1 is
transcribed (Fig. 7B, right).
B8.5-line mesenchyme (Fig. 7C)
Previous studies demonstrated that presumptive endo-
derm cells induce the B-line mesenchyme in Halocyn-
thia embryos (Kim and Nishida, 1999; Kim et al.,
2000) and that FGF9/16/20, which is expressed in
endodermal cells under the regulation of maternally
supplied h-catenin, is an inducer of B-line mesenchyme
in Ciona embryos (Imai et al., 2002). In Halocynthia
embryos, it has been shown that posterior vegetal
cytoplasm containing a muscle determinant, macho-1,
is also essential for the differentiation of B-line
mesenchyme (Kobayashi et al., 2003; Nishida and
Sawada, 2001). This may also be the case with Ciona,
although it has not yet been proven.
The present study showed that seven genes are
expressed in B8.5-line mesenchyme cells: the five genes
expressed in A7.6/B8.5/B7.7 mentioned above, and Ci-
PER-like and Ci-Mina53-like1. The fact that the expression
of all seven of these genes in the B8.5 line was down-
regulated by functional suppression of FGF9/16/20 or
Twist-like1 implies that the FGF9/16/20-Twist-like1 cas-
cade is essential and sufficient for the transcriptional
activation of the seven genes there. The question is then
raised of why Ci-PER-like and Ci-Mina53-like1 are
expressed in B8.5-line mesenchyme but not in A7.6-line
mesenchyme. The expression of these two genes may be
prohibited in A7.6 by some repression mechanism, oralternatively, transcription of these genes may be controlled
by another factor(s) in addition to Twist-like1, although the
question of whether this factor alone is sufficient for the
genes to be expressed remains to be explored in future
studies.
B7.7-line mesenchyme (Fig. 7D)
This line of mesenchyme is probably determined in a
similar way to the B8.5-line. The differences between the
B7.7 and B8.5 lines, shown by previous studies in C.
savignyi embryos, are (1) that Twist-like1 is expressed
earlier in B7.7 than in B8.5, and (2) that a bHLH
transcription factor gene, Mist, is expressed in the B7.7 of
mesenchyme under the control of Twist-like1 (Imai et al.,
2003). The present study demonstrated the expression of
two additional genes, Ci-WBSCR27-like and Ci-Mech3,
specifically expressed in B7.7-line mesenchyme, although
Ci-Mech3 expression was restricted to a pair of daughter
cells of B7.7.
A remarkable difference between A7.6/B8.5 and B7.7
noted in the present study is that the overexpression of
either FGF9/16/20 or Twist-like1 resulted in suppression of
the transcriptional activity of the two B7.7-specific genes,
although the FGF9/16/20-Twist-like1 cascade is essential
for the gene expression (Figs. 2 and 6). This indicates that
a high level of FGF9/16/20 signaling activity and then a
high level of Twist-like1 transcription negatively regulate
the expression of the two genes. Accordingly, the
expression of Ci-WBSCR27-like and Ci-Mech3 does not
require as high an FGF signal as the A7.6 and B8.5 lines
require. Alternatively, competition of FGF9/16/20-Twist-
like1 and some other factors, or their reciprocal regulatory
network, is required for proper expression of the B7.7-
specific genes.Conclusion
Altogether, embryonic mesenchyme cells in ascidians
provide a good experimental system to explore the genetic
cascade and/or gene networks underlying cell fate specifi-
cation and subsequent differentiation. The mesenchyme
cells are derived from the different lines or lineages, A7.6,
B8.5, and B7.7, in the 110-cell stage embryo. Their
specification requires interaction with endoderm, and
FGF9/16/20 is a key player in the interaction. The FGF9/
16/20 signal cascade activates a bHLH transcription factor
gene, Twist-like1, which triggers the genetic cascade for the
differentiation of all three lines. However, the gene network
responsible for the initiation of the cascade is not always
identical in all three lines.
There are many questions remaining to be answered in
future studies. cis-regulatory elements must be explored in
each of the transcription factor genes as well as the nine
mesenchyme-specific genes. Another promising approach
M. Tokuoka et al. / Developmental Biology 274 (2004) 211–224 223towards this complex genetic cascade includes the usage of
microarrays. In C. intestinalis, the availability of genome
sequence information and cDNA sequence information
makes it possible to prepare oligochips which might cover
80% or more of unique mRNAs expressed in Ciona (Satoh
et al., 2003). Microarray analyses may reveal the gene
networks underlying the specification and subsequent
differentiation of each of the three lines of mesenchyme
cells in the future.Acknowledgments
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